Dengue virus (DENV) currently circulates in more than 100 countries and causes an estimated 390 million infections per year. While most cases manifest as a self-resolving fever, ∼1.5% of infections develop into a more severe dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), which causes ∼20,000 deaths annually. The underlying pathological feature of DHF/DSS, also known as Severe Dengue, is an acute increase in vascular permeability leading to hypovolemia and shock. Angiogenic factors and cytokines, such as vascular endothelial growth factor (VEGF) and tumor necrosis factor (TNF), have been implicated in the increased vascular permeability, suggesting a potential therapeutic strategy for Severe Dengue. Here, we employed a mouse model of antibody-dependent enhancement of DENV infection, which recapitulates the fatal capillary leakage and shock of human Severe Dengue, to investigate the effects of approved VEGF-and TNF-targeting drugs. DENV infection caused a significant increase in serum VEGF levels within 2 days and resulted in ∼80% mortality within 8 days of infection. Treatment of mice with sunitinib, a VEGF receptor tyrosine kinase inhibitor, once (day 2) or twice (days 1 and 2) post-infection reduced mortality by 50-80% compared with untreated mice. Notably, sunitinib treatment decreased serum TNF levels, white blood cell counts, and hematocrit levels relative to untreated mice, but had only marginal effects on tissue viral burden. Combination therapy with anti-TNF antibody and sunitinib significantly reduced vascular leakage and synergized to provide superior protection from lethal DENV infection compared with either agent alone. These data suggest that a two-pronged anti-angiogenic and anti-inflammatory approach may be useful for the rapid treatment of DHF/DSS.
Introduction
Dengue virus (DENV) is a member of the flavivirus family and is primarily transmitted to humans by female Aedes aegypti mosquitoes. Uncontrolled urbanization, globalization, and the spread of DENVtransmitting mosquitoes have resulted in co-circulation of the four DENV serotypes (DENV1-4), increasing the frequency of epidemics and severity of disease. The majority of the ∼390 million new infections annually (Bhatt et al., 2013) result in self-limiting acute dengue fever (DF). However, ∼1.5% of cases evolve into the life-threatening dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), also known as Severe Dengue, which requires hospitalization in intensive care units and represents a significant economic burden for countries where DENV is endemic (Stanaway et al., 2016) . Despite extensive experience and training of physicians in these countries, the complex physiological changes occurring in DHF/DSS patients can cause major complications, with a mortality rate of around 0.2% (Stanaway et al., 2016) .
There are currently no effective treatments or vaccines for DENV. Moreover, therapeutic approaches that target the virus itself could have unforeseen deleterious consequences, not only by promoting the emergence of resistant strains but also by exacerbating the disease. Multiple laboratories, including our own, have demonstrated that DENV-specific antibodies can convert a mild illness into a lethal disease through antibody-dependent enhancement (ADE) of infection in both mice (Balsitis et al., 2010; Zellweger et al., 2010) and humans (Halstead, 2017; Katzelnick et al., 2017) . Thus, vaccine-induced antibodies may paradoxically precipitate severe disease upon subsequent infection. Ideally, vaccine and antiviral strategies must target all four serotypes of DENV as well as multiple genotypes within each serotype.
Targeting of host pathways is an alternative therapeutic strategy that could avoid eliciting drug resistance and be effective against multiple DENV genotypes/serotypes. The major pathophysiologic feature of Severe Dengue is an acute increase in vascular permeability, leading to fluid leakage into tissues and severe hypovolemia. Although the precise role of endothelial cells in this event is poorly understood, several studies suggest a role for pro-angiogenic factors in DENV-induced endothelial cell dysfunction. For example, patients with DHF/ DSS have high circulating levels of vascular endothelial growth factor (VEGF) (Furuta et al., 2012; Srikiatkhachorn et al., 2007; Thakur et al., 2016; Tseng et al., 2005) , and DENV infection leads to upregulation of VEGF receptor-2 (VEGFR-2) in human umbilical vein endothelial cells (Srikiatkhachorn et al., 2007) and of VEGF in a human pulmonary endothelial cell line (Azizan et al., 2009) . These results implicate VEGF in the regulation of vascular permeability during DENV infection, raising the possibility that approved anti-VEGF/VEGFR therapies could be useful for preventing or ameliorating DHF/DSS. Additional studies suggest that combination therapy may have superior efficacy compared to treatment using only one VEGF inhibitor (Kanakaraj et al., 2012; Kang and Chung, 2010; Ozdemir et al., 2013; Veritti et al., 2012) . Indeed, combination therapy with multiple VEGF inhibitors or with concurrent VEGF-and tumor necrosis factor (TNF)-targeting agents have been used to treat corneal neovascularization and rheumatoid arthritis in animal models and humans (Kanakaraj et al., 2012; Kang and Chung, 2010; Ozdemir et al., 2013; Veritti et al., 2012) . In addition, we and others have demonstrated that antibody-mediated blockade of TNF prevents Severe Dengue in DENV-infected mice (Ng et al., 2014; Phanthanawiboon et al., 2016; Shresta et al., 2006; Watanabe et al., 2015; Zellweger et al., 2010) .
These observations prompted us to hypothesize that concurrent targeting of angiogenesis and inflammation with VEGF and TNF inhibitors may improve endothelial barrier function and provide superior protection against DENV-induced DHF/DSS compared with singleagent therapy. In this study, we used a mouse model of DENV with ADE developed in our laboratory (Zellweger et al., 2010) to examine the effects of sunitinib, a small molecule inhibitor of multiple receptor tyrosine kinases, including VEGFR-1-3 (O'Farrell et al., 2003) , in combination with an anti-TNF monoclonal antibody (mAb). Both agents are FDA-approved for multiple indications, including treatment of gastrointestinal stromal tumors, advanced renal cell carcinoma and advanced pancreatic neuroendocrine tumors for sunitinib, and chronic immune-mediated inflammatory diseases such as rheumatoid arthritis, Crohn's disease, and psoriasis for anti-TNF mAb.
Injection of AG129 mice (deficient in type I and II interferon receptors in the 129/Sv genetic background) with an anti-DENV mAb followed by inoculation with DENV recapitulates most aspects of lethal DHF/DSS. This model is more clinically relevant than high-dose viral inoculation in the absence of enhancing Abs, since Severe Dengue is mostly observed when DENV-specific Abs are already present (i.e., individuals with secondary DENV infection and infants born to DENVimmune mothers).
Here, we show that VEGF levels are elevated in the AG129 mouse model of ADE-induced lethal dengue disease, and treatment with sunitinib significantly reduces mortality without affecting viral load. Moreover, combination therapy with sunitinib and anti-TNF mAb reduces vascular leakage in the spleen, liver, and small and large intestines and synergistically improves survival, indicating that simultaneous targeting of host angiogenic and inflammatory pathways is a promising option for ameliorating Severe Dengue.
Materials and methods
Key reagents, antibodies, primers, and probes used in this study are described in Supplementary Table S1.
Virus and cells
The mouse-adapted DENV2 D2S10 was derived from the clinical isolate PL046 as previously described (Shresta et al., 2006) by passaging PL046 ten times between mice and C6/36 mosquito cells. S221 is a triple plaque-purified clone derived from D2S10 (Yauch et al., 2009; Zellweger et al., 2013 Zellweger et al., , 2014 . S221 virus stock titer was determined by qRT-PCR analysis of isolated RNA (QIAmp Viral RNA Mini Kit, Qiagen) as described (Prestwood et al., 2008) . Viral doses are expressed as genome equivalents (GE).
Mice and lethal infection model
AG129 mice (129/Sv mice deficient in type I and II interferon receptors) were bred at La Jolla Institute for Allergy and Immunology under standard pathogen-free conditions. All experiments were approved by the Institutional Animal Care and Use Committee under protocol number AP028-SS1-0615. All experiments included age-and sex-matched mice (males and females, 5-6 weeks of age).
To infect via ADE, mice were injected via intraperitoneal (i.p.) route with 5 μg anti-DENV1-4 prM mAb (clone 2H2, IgG2a) diluted in PBS. One hour later, the mice were inoculated via intravenous (i.v.) route with 1.0 × 10 9 GE of DENV2 S221.
VEGF and TNF ELISA
Blood was collected into serum collection tubes (Sarstedt, #41.1500.005) by cardiac puncture and centrifuged at 13,000 rpm for 15 min at 4°C to isolate serum. VEGF and TNF levels were quantified using a mouse VEGF Quantikine ELISA kit and TNF Quantikine ELISA kit (R&D Systems), respectively, according to the manufacturer's instructions. All samples were analyzed in duplicate.
Hematologic analysis
Blood was collected into blood collection tubes (Sarstedt, # 41.1504.105) by cardiac puncture. Hematocrit and white blood cell (WBC) and platelet counts were measured using a Hemavet instrument (Hemavet 950; Drew Scientific Group) according to the manufacturer's instructions.
Viral RNA quantification
RNA was isolated from mouse sera (collected as described above) using a QIAmp Viral RNA Mini Kit (Qiagen). Tissues were collected into RNAlater (Invitrogen) and homogenized, RNA was then isolated using an RNeasy Mini Kit (Qiagen). DENV RNA levels in sera and tissues were quantified by qRT-PCR and normalized to 18S (Prestwood et al., 2008) . Specific primers and probes are listed in Table S1 .
Vascular permeability assay
Vascular permeability was measured by detecting leakage of Evans blue dye (Fisher Scientific) into spleen and liver as described previously (Barone et al., 1989; Zellweger et al., 2010) . Mice were infected with DENV as described above and injected with Evans blue (0.2 mL, 0.5% [w/v] in PBS) via i.v. route at day 3.5 post-infection (p.i.). After 20 min, the mice were euthanized and extensively perfused with PBS. Spleens and livers were collected into formamide (Sigma) and incubated with agitation at 37°C for 24 h. The dye was quantified by comparing sample absorbance at 610 nm with a standard curve. Data are presented as ng Evans blue per mg tissue. For visual inspection of hemorrhage in the intestinal tract, mice were perfused with PBS.
Drug treatments
Sunitinib (LC Laboratories) was prepared in 60% dimethyl sulfoxide, 36% water, 2% ethanol, and 2% Kolliphor (v/v) according to the manufacturer's instructions and was stored at −80°C until use. Rat anti-mouse TNF mAb and rat IgG1 isotype control were from BioXcell (#BE0058 and #BE0088, respectively). Mice were injected via i.p. route with 600 or 1200 μg sunitinib (50 μL/mouse) and/or 5, 10, or 20 μg anti-TNF mAb (100 μL/mouse) once at 24 h or twice at 24 and 48 h p.i., as indicated in the legends.
Statistical analyses
All data were analyzed with Prism software version 7.0 (GraphPad Software, Inc.) and are expressed as the mean ± SEM. Survival was analyzed by the Kaplan-Meier method with the log-rank test. All other group differences were compared using Student's t-test. Values * P ≤ 0.5, **P < 0.01, ***P < 0.001 were considered statistically significant.
Results

Serum VEGF levels are elevated in DENV-infected mice
Since VEGF is increased in patients with DHF/DSS (Furuta et al., 2012; Srikiatkhachorn et al., 2007; Thakur et al., 2016; Tseng et al., 2005) , we examined serum VEGF levels in our mouse model of DENV with ADE. For this, AG129 mice were injected with 2H2 anti-DENV mAb (5 μg via i.p. route) and then infected with DENV2 strain S221 (1.0 × 10 9 GE via i.v. route) 1 h later. In this protocol, the mice develop symptoms within 2-3 days and generally succumb to severe disease within 4-5 days (Zellweger et al., 2010) . Similar to the observations in humans, we found that serum VEGF levels began to rise within 1 day and were significantly increased by day 2 p.i. compared to naïve AG129 mice (Fig. 1) . These results reveal that serum VEGF levels are elevated in this model and validate its use to investigate the role of VEGF in DHF/DSS.
Sunitinib treatment improves the survival of mice with lethal DENV infection
To assess the effect of treatment with a potential VEGF pathway blocker in this DENV model, mice were administered 1200 μg of sunitinib once on day 2 or twice on days 1 and 2 after infection. This dose was selected because it is comparable to the approved human dose by allometric scaling (Nair and Jacob, 2016) , it is below the maximum tolerated dose in mice, and is non-toxic in this mouse model (Bekerman et al., 2017; Mendel et al., 2003; Nair and Jacob, 2016) . While only 20% of the vehicle-treated mice were still alive 8 days after infection, the survival rate for the groups receiving one or two doses of 1200 μg sunitinib was 50% and 80%, respectively ( Fig. 2A) , indicating that treatment with sunitinib as late as 2 days p.i. conferred significant protection.
To understand how sunitinib treatment improved survival of DENVinfected mice, we first asked whether sunitinib treatment impacted viral replication by measuring viral RNA levels in tissues at day 3 p.i. by qRT-PCR. Mice with sunitinib treatment had similar levels of DENV2 RNA in the serum and liver but higher levels in the spleen (0.5-fold, *P < 0.05) relative to mice with vehicle-treatment (Fig. 2B) , indicating that sunitinib treatment had no effect on viral burden in the serum or liver and modestly enhanced DENV burden in the spleen. In humans, sunitinib treatment has been reported to reduce hematocrit and both WBC and platelet cell counts (Korkmaz et al., 2014; Kucharz et al., 2016; Zhu et al., 2011) . Moreover, elevated TNF levels, hematocrit, and WBC count and thrombocytopenia are associated with Severe Dengue (Chuansumrit and Chaiyaratana, 2014; WHO, 2009 ). We thus compared these parameters in mice with sunitinib versus vehicle treatment. Mice with sunitinib treatment had reduced serum TNF levels (1.8-fold, **P < 0.01), hematocrit (1.1-fold, *P < 0.05), and WBC count (1.5-fold, *P < 0.05) relative to mice with vehicle treatment, whereas similar platelet counts were observed in the two mouse groups ( Fig. 2C  and D) . Collectively, these results demonstrate that treatment with sunitinib improves the survival of DENV-infected mice without decreasing tissue viral burden, and suggest that sunitinib treatment likely prevents Severe Dengue by reducing factors associated with DENV-induced vascular leakage such as TNF levels and hematocrit and WBC counts.
Sunitinib and anti-TNF mAb act synergistically to enhance survival of DENV-infected mice
Previous studies have established a beneficial role of anti-TNF mAb treatment in reducing the mortality of mice infected with DENV without ADE (Phanthanawiboon et al., 2016; Shresta et al., 2006) or with ADE (Ng et al., 2014; Watanabe et al., 2015; Zellweger et al., 2010) . Based on our finding that sunitinib treatment decreased TNF levels in the serum of DENV-infected mice relative to vehicle treatment (Fig. 2C) , we hypothesized that treatment with anti-TNF mAb confers an additional survival advantage compared with sunitinib treatment alone. To test this hypothesis, we first established sub-optimal doses of anti-TNF mAb and sunitinib. In agreement with published studies, we found that 100%, 50%, and 20% of mice receiving 20 μg, 10 μg, and 5 μg of anti-TNF mAb, respectively, survived to day 8 p.i., whereas all of the vehicle-treated mice had succumbed by day 5 (Fig. 3A, left panel) . We selected a dose of 600 μg sunitinib to test the combination therapy because it resulted in a survival rate of 35%, mid-way between that of the vehicle (0%) and 1200 μg sunitinib (50%) dose groups (Fig. 3A,  right panel) . Remarkably, 80% of the mice treated with both sunitinib 600 μg and anti-TNF 5 μg were alive on day 8 p.i., compared with only 35%, 20%, and 5% for mice receiving sunitinib alone, anti-TNF alone, and vehicle, respectively (Fig. 3B) . Consistent with our findings in sunitinib-treated mice, we observed no clinically meaningful differences in viral load between the serum, liver, spleen, small and large intestines of vehicle-treated and anti-TNF plus sunitinib-treated mice (Fig. 4A) . Taken together, these results demonstrate that anti-angiogenic and antiinflammatory therapy act synergistically to reduce mortality from severe dengue without significantly impacting tissue viral burden.
Combination sunitinib and anti-TNF mAb treatment reduces vascular permeability in DENV-infected mice
Vascular leakage is the major pathogenic feature of Severe Dengue in infected humans (Ngono and Shresta, 2018) 9 GE DENV2 strain S221 via i.v. route. Sera were collected from uninfected (naïve, n = 5) or infected mice (n = 8) at 24 h (D1), 48 h (D2), or 72 h (D3) p.i. VEGF protein levels were quantified by ELISA. Data are presented as the mean ± SEM. *P ≤ 0.5, **P < 0.01, ***P < 0.001 by Student's t-test.
TNF and VEGF both have well-characterized roles in regulating vascular permeability (Bates, 2010; Hofmann et al., 2002; Inyoo et al., 2017) , we examined the effects of anti-TNF mAb plus sunitibin treatment on vascular leakage in the spleen, liver, and small and large intestines of infected mice (Fig. 4B-D and S1 ). Mice were treated with vehicle or anti-TNF mAb plus sunitinib on day 2 p.i., injected with Evans blue i.v. on day 3.5, and sacrificed 20 min later for collection of the spleen and liver. This dye binds avidly to albumin and is therefore a quantitative marker of fluid leakage from the vasculature into organs. Lower levels of Evans blue were observed in the spleen (2-fold, **P < 0.01) and liver (5-fold, ***P < 0.001) of mice with the combination treatment relative to those with vehicle treatment (Fig. 4B) , demonstrating that the combination treatment reduced DENV-induced vascular leakage. To confirm these results, mice without Evans blue injection were visually inspected for fluid accumulation in visceral organs (characterized by swollen intestine and stomach) and intestine hemorrhage (characterized by the presence of blood). The extent of gastrointestinal tract swelling and intestinal bleeding was reduced in mice with the combination treatment relative to mice with vehicle treatment (Fig. 4C and D and S1) . Thus, the dual therapy with anti-TNF mAb and sunitinib promotes survival of DENV-infected mice in part by reducing vascular leakage. 
Discussion
This study was designed to answer an important question in DENV research; namely, whether existing FDA-approved therapies could be repurposed to treat patients with severe dengue. The therapy should optimally be safe and carry a low risk of eliciting resistance. We hypothesized that drugs blocking host pathways implicated in the pathogenesis of DHF/DSS might be the best candidates, and we tested the efficacy of the VEGFR inhibitor sunitinib with an anti-TNF mAb in order to target both angiogenic and inflammatory pathways.
In agreement with studies showing that plasma VEGF levels are significantly higher in patients with DHF/DSS than in those with mild disease (Furuta et al., 2012; Srikiatkhachorn et al., 2007; Thakur et al., 2016; Tseng et al., 2005) , we observed that VEGF levels are elevated in the serum of DENV-infected mice compared to naïve mice. This result, together with a study showing high levels of VEGF in mice with maternal anti-DENV Ab-mediated dengue disease (Ng et al., 2014) , implicate VEGF in the pathogenesis of DHF/DSS. In another study, treatment with recombinant angiopoietin-1, which signals through tunica interna endothelial cell kinase 2 (Tie2) to counteract VEGF-induced vascular permeability (Gavard et al., 2008; Hansen et al., 2010; Thurston et al., 1999) , improved the survival of mice infected with DENV (Phanthanawiboon et al., 2016) . Collectively, these findings implicate a role for angiogenic pathways in DHF/DSS pathogenesis.
Sunitinib treatment reduced mortality in our mouse model. Similar results were obtained in a study in which mice were infected with DENV alone without ADE (Bekerman et al., 2017) . Also in agreement with our results, no significant effects of sunitinib on viral burden was observed in the published study. Our results thus confirm and extend the published finding by demonstrating that sunitinib and anti-TNF acted synergistically to improve survival without affecting tissue viral burden. This is consistent with studies showing that sunitinib or anti-TNF treatment alone had no effects on viremia (Bekerman et al., 2017; Phanthanawiboon et al., 2016) . In addition to the known effects of sunitinib on angiogenesis and vascular permeability (Hofmann et al., 2002; Inyoo et al., 2017; Marzola et al., 2005) , TNF blockade alone has been shown to decrease vascular leakage in DENV-infected mice (Ng et al., 2014; Watanabe et al., 2015) . Our observation that dual treatment reduces vascular permeability following DENV infection is consistent with these findings and suggests that maintenance or repair of vascular integrity is important for survival.
In summary, we found that a single injection of sunitinib and anti-TNF mAb at 2 days p.i. dramatically improved survival. In our model, delaying the treatment for 2 days not only avoids impairment of the early innate immune response but also more closely mimics the clinical situation, where patients are seen when the disease has already manifested itself. However, a therapeutic regimen involving expensive biologics such as anti-TNF might not be immediately realized in many resource poor countries that are impacted by DENV. Once reliable early markers of Severe Dengue are discovered, or the cost of developing TNF blockers decreases over time due to expiration of patents, treatments targeting TNF might represent a viable option worldwide. Regardless, the dual approach to targeting host pathways is a particularly attractive strategy, since it is less likely to elicit resistant strains, minimizes toxicity due to the reduction in dose, and is independent of the viral serotype or genotype. Further studies should investigate whether dual sunitinib and anti-TNF treatment, or other anti-angiogenic/inflammatory agents, could be useful for the treatment of hemorrhagic Fig. 3 . Combination treatment with anti-TNF mAb and sunitinib improves survival of DENV-infected mice. Kaplan-Meier survival curves of AG129 mice injected with 5 μg 2H2 mAb via i.p. route, followed by challenge with 1 × 10 9 GE DENV2 S221 via i.v. route. At 48 h (D2) p.i., mice were injected with vehicle or (A, left panel) 5 μg, 10 μg, or 20 μg anti-TNF mAb, (A, right panel) 600 μg or 1200 μg sunitinib, or (B) 5 μg anti-TNF mAb and/or 600 μg sunitinib. *P ≤ 0.5, **P < 0.01, ***P < 0.001 by log-rank test. Tissues from one representative animal per group are shown in (C) and (D). *P ≤ 0.5, **P < 0.01, ***P < 0.001 by Student's t-test.
fevers induce by other viruses such as Ebola, Lassa, and Yellow fever.
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